Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a potentially lethal inherited arrhythmia syndrome in which drug therapy is often ineffective. We discovered that flecainide prevents arrhythmias in a mouse model of CPVT by inhibiting cardiac ryanodine receptor-mediated Ca 2+ release and thereby directly targeting the underlying molecular defect. Flecainide completely prevented CPVT in two human subjects who had remained highly symptomatic on conventional drug therapy, indicating that this currently available drug is a promising mechanism-based therapy for CPVT.
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a potentially lethal inherited arrhythmia syndrome in which drug therapy is often ineffective. We discovered that flecainide prevents arrhythmias in a mouse model of CPVT by inhibiting cardiac ryanodine receptor-mediated Ca 2+ release and thereby directly targeting the underlying molecular defect. Flecainide completely prevented CPVT in two human subjects who had remained highly symptomatic on conventional drug therapy, indicating that this currently available drug is a promising mechanism-based therapy for CPVT.
CPVT is an inherited arrhythmia syndrome characterized by a normal baseline electrocardiogram (ECG), polymorphic ventricular tachycardia induced by adrenergic stress in the absence of structural heart disease, and a high mortality rate in young individuals 1 . Treatment with b-adrenergic blockers reduces arrhythmia burden and mortality but is not completely effective 1 , and implantable cardioverter defibrillators (ICDs) are used for the prevention of sudden death. However, painful appropriate or inappropriate defibrillation shocks can trigger further adrenergic stress and arrhythmias, and deaths have occurred despite appropriate ICD shocks 2, 3 . In such instances, stellate ganglionectomy 4 or even cardiac transplantation 5 have been considered. Two CPVT disease-related genes have been identified: RYR2, encoding the cardiac ryanodine receptor Ca 2+ release channel (RyR2), and CASQ2, encoding cardiac calsequestrin 6, 7 . Mutations in these genes destabilize the RyR2 Ca 2+ release complex 8, 9 . In mice with CPVT-linked mutations, catecholamines cause spontaneous sarcoplasmic reticulum Ca 2+ release resulting in delayed after depolarizations (DADs), and they produce triggered activity in myocytes and polymorphic ventricular tachycardia in vivo 10, 11 . Here we identify a therapy that directly targets the underlying arrhythmia mechanisms: we found that flecainide, an approved antiarrhythmic drug known to block sodium channels, showed remarkable efficacy in suppressing spontaneous sarcoplasmic reticulum Ca 2+ release by inhibiting RyR2. Flecainide treatment completely prevented adrenergic stress-induced arrhythmias in a mouse model of CPVT and in humans with CASQ2 or RYR2 mutations that are refractory to standard drug treatment.
The local anesthetic tetracaine has been used to inhibit RyR2 and suppress spontaneous sarcoplasmic reticulum Ca 2+ release in isolated myocytes 12 . However, tetracaine causes a rebound increase in sarcoplasmic reticulum Ca 2+ release events during prolonged exposure 13 , effective inhibitory concentrations 14 are too high for clinical use, and systemic administration is contraindicated in humans. We searched among clinically available antiarrhythmic drugs for a more useful RyR2 inhibitor and found that flecainide inhibited RyR2 more potently than tetracaine and by a different mechanism. Whereas tetracaine caused long-lived channel closings, flecainide reduced the duration of channel openings and did not affect closed channel duration ( Supplementary Fig. 1 online) . Flecainide's inhibitory potency was higher when RyR2 was activated by high luminal Ca 2+ concentration mimicking spontaneous sarcoplasmic reticulum Ca 2+ releases that trigger premature heart beats ( Fig. 1a,b ; half-maximal inhibitory concentration ¼ 15 ± 3 mM), compared to when RyR2 was activated by high cytosolic Ca 2+ concentration, such as would occur during a normal heart beat (Supplementary Fig. 1a ; half-maximal inhibitory concentration ¼ 55 ± 8 mM).
We next tested whether RyR2 block by flecainide translates into an inhibition of spontaneous sarcoplasmic reticulum Ca 2+ release in ventricular myocytes isolated from mice with gene-targeted deletion of Casq2 (Casq2 -/-mice), a model of CASQ2-linked CPVT 10 . Upon catecholaminergic challenge with isoproterenol, Casq2 -/-myocytes exhibit frequent spontaneous sarcoplasmic reticulum Ca 2+ releases that can trigger premature beats (Fig. 1c and ref. 10 ). Flecainide significantly suppressed the rate of spontaneous Ca 2+ releases from the sarcoplasmic reticulum by 39% (Fig. 1d) , even though Ca 2+ content in sarcoplasmic reticulum was not significantly changed ( Supplementary  Fig. 2a,b online) . The reduction of spontaneous Ca 2+ releases by flecainide remained significant even after Na + and Ca 2+ were removed from the extracellular bath solution (47% reduction, P ¼ 0.009, Supplementary Fig. 2c,d ), indicating that inhibition of trans-sarcolemmal Na + or Ca 2+ fluxes did not contribute to the reduced spontaneous Ca 2+ releases; that is, indicating that flecainide does not act by blocking Na + channels. Compared to vehicle, flecainide significantly decreased diastolic sarcoplasmic reticulum Ca 2+ leak in isoproterenol-stimulated Casq2 -/-myocytes (Supplementary Fig. 2e ,f; P ¼ 0.02). Indeed, in contrast to tetracaine treatment 13 , flecainide treatment did not result in a compensatory increase in sarcoplasmic reticulum Ca 2+ content and prevented spontaneous Ca 2+ releases even after prolonged application ( Supplementary Fig. 3 online). These findings are consistent with the idea that flecainide inhibits RyR2 by a different mechanism than tetracaine ( Supplementary Fig. 1) .
A major consequence of spontaneous premature sarcoplasmic reticulum Ca 2+ release in intact myocytes is the activation of electrogenic Na + -Ca 2+ exchange, which in turn causes membrane depolarizations termed DADs 15 . DADs of sufficient amplitude activate voltage-gated Na + channels and trigger full action potentials. Flecainide reduced triggered beats by 69% (Fig. 1d) , a higher percent inhibition than its reduction of spontaneous Ca 2+ release events (39%; Fig. 1d ). These data are consistent with flecainide's known inhibition of Na + channels to prevent triggered beats 16 . Taken together, these results indicate a dual mode of flecainide action in CPVT: suppression of spontaneous sarcoplasmic reticulum Ca 2+ release events via RyR2 inhibition and suppression of triggered beats via Na + channel block (Fig. 1e) .
We next examined whether this dual mechanism of flecainide action translates into therapeutic efficacy. In a Casq2 -/-mouse, catecholamine challenge induced an irregular heart rhythm ( Fig. 1f) resulting from frequent ventricular extrasystoles occurring after each normal 'sinus' beat (bigemini), which quickly degenerated into polymorphic ventricular tachycardia with alternating upward and downward deflections of the QRS complex (bidirectional ventricular tachycardia), the hallmark of CPVT 1 . After flecainide treatment, the heart rate remained regular (with a sinus rhythm) and catecholamine challenge did not induce ventricular arrhythmias (Fig. 1g) . Flecainide completely suppressed ventricular tachycardia in all 12 mice tested and ventricular extrasystole in 11 out of 12 mice (P o 0.001). In the remaining mouse, flecainide reduced the number of isoproterenol-induced ventricular extrasystoles by 99.5%. Flecainide was equally effective in preventing exercise-induced polymorphic or bidirectional ventricular tachycardia in conscious Casq2 -/-mice; a single administration of flecainide (20 mg per kg body weight intraperitoneally) resulted in serum flecainide concentrations of 2.5 ± 0.2 mM (1.2 ± 0.08 mg l -1 ) 1 h later, when exercise-induced ventricular tachycardia was completely prevented. Protection from ventricular tachycardia persisted for up to 6 h, with no rebound increase in ventricular tachycardia observed during a 20-h follow-up period ( Supplementary Fig. 4 online) . Lidocaine, a Na + channel blocker that does not inhibit RyR2 channels 14 and lacks clinical efficacy in CPVT 17 , reduced the number of ventricular extrasystoles, but did not prevent exercise-induced ventricular tachycardia ( Supplementary Fig. 5 online) , further indicating that RyR2 inhibition is crucial for flecainide's antiarrhythmic efficacy in CPVT. Given flecainide's efficacy in the mouse model, we tested the drug in two subjects with treatment-refractory CPVT. The first subject was a 12-year-old boy, homozygous for a CASQ2 missense mutation 18 , who suffered from repeated appropriate ICD shocks despite maximal conventional therapy with the b-adrenergic receptor blocker metoprolol and the Ca 2+ channel blocker verapamil. ICD shocks were prevented by bed rest, although nonsustained ventricular tachycardia persisted, as documented by examination of ECG recordings stored in the ICD (data not shown). Treadmill exercise reproducibly induced arrhythmias in this subject (Fig. 2a) . A therapeutic trial of flecainide (initially 2 mg per kg body weight per day for 6 weeks, then 3 mg per kg body weight per day) was begun, and verapamil was discontinued. Examination of ICD records at 3 weeks and 12 weeks after starting flecainide revealed a complete absence of ventricular tachycardia episodes (data not shown). Repeat exercise tests at 7 weeks and 12 weeks after the start of flecainide treatment showed complete suppression of ventricular tachycardia and marked reduction in the number of ventricular extrasystoles (Fig. 2b) .
The second subject was a 36-year-old woman heterozygous for the CPVT-linked RYR2 S4124G mutation. The subject experienced exercise-induced ventricular tachycardia while on maximum tolerated therapy with a b-blocker and a Ca 2+ -channel blocker (Fig. 2c) . As in the first subject, flecainide substantially reduced arrhythmia burden at rest and with exercise, even after b-blocker and Ca 2+ -channel blocker treatment was stopped (Fig. 2d) . Notably, flecainide prevented ventricular tachycardia even though the subject's maximal heart rate was much higher during the second exercise test (Fig. 2d) than during the previous exercise test (Fig. 2c) owing to the discontinuation of b-blocker therapy.
In summary, we report a previously unrecognized inhibitory action of flecainide on RyR2 channels, which, together with flecainide's inhibition of Na + channels, allowed us to directly target the underlying mechanism responsible for CPVT 11 . This targeted therapy with flecainide successfully prevented CPVT in two individuals that had remained highly symptomatic on conventional drug therapy. Flecainide can be proarrhythmogenic in some settings (for example, after myocardial infarction), and thus routine flecainide use cannot be recommended until further clinical studies more precisely define its risks and benefits in humans with CPVT. Our data provide proof of principle for the antiarrhythmic efficacy of inhibiting defective RyR2 Ca 2+ release channels in humans and identify a currently available drug as a promising mechanism-based therapy in CPVT.
Note: Supplementary information is available on the Nature Medicine website. 
